Abstract. We propose a method to investigate the vibrational dynamics of a single polyatomic molecular ion that is co-trapped with an atomic ion. Quantum logic techniques will be used to detect the recoil of a single photon absorption event in the molecule on the atomic ion. This single-molecule recoil spectroscopy can be extended to a pump-probe scheme to investigate ultrafast molecular dynamics. In particular, intra-molecular vibrational dynamics of a single molecular ions can be tracked. We analyze the experimental requirements to investigate the vibrational dynamics in the Cyanoacetylene cation C 3 HN + .
Introduction
While the quantum state of individual atoms can be manipulated with impressive accuracy [1, 2, 3] , control over single molecules is not as well established [4] . This is due to the complex internal structure of molecules that is rarely suitable for existing state preparation and measurement methods. In particular, direct laser cooling of molecules has proven to be difficult and seems only feasible in a few select molecular species [5, 6, 4] . For trapped-ion systems, quantum logic techniques have been developed to increase the control over atomic and molecular species that are inaccessible with standard methods [7] . This approach has proven to be useful to enable atomic clocks [7] and also to investigate diatomic molecular ions [8, 9, 10, 11] . Here, we discuss an extension of these methods onto the vibrational degree of freedom of polyatomic molecules.
Existing quantum-logic techniques cannot be easily adapted to the vibrational degree of freedom of molecules as they cannot provide control at the timescale of the molecular dynamics which is usually in the picosecond to femtosecond regime. Coherent control at these timescales can be provided by molecular spectroscopy techniques exploiting ultrafast pulsed lasers [12] . The vibrational structure of complex molecules can be investigated using femtosecond lasers, and the experimental protocols range from simple pump-probe procedures to complex multi-dimensional multi-pulse techniques [12, 4] .
Here, we consider trapped molecular ions, where most available spectroscopic techniques are destructive and require to dispose of the molecules after each experimental arXiv:1809.06776v1 [quant-ph] 18 Sep 2018 implementation [13] . These destructive techniques require a complex experimental setup to sustain a constant flux of molecular ions. For example, electronic transitions of diatomic molecular ions have been investigated with a pump-probe technique by dissociating the molecule and detecting the fluorescence of the remaining atom [14] .
In particular, we describe a non-destructive spectroscopic method by combining quantum-logic techniques with ultrafast optical control. In particular, the absorption of a single photon by the molecule is detected via a co-trapped atomic logic ion, a procedure known as recoil spectroscopy [15, 16] . An absorption event comes with momentum kick that alters the combined motional state of both co-trapped particles [15, 16, 17] . The magnitude of the momentum kick from absorbing a single photon is too small to be detected if the motional state of the ion crystal is close to its ground state. It has been shown that single-photon sensitivity can be reached by using a tailored, nonclassical, motional state of the trapped particles [15] . Here, we will extend this technique to detect a single-photon absorption event on an infrared vibrational transition in a polyatomic molecule. This detection method can serve as the basis for multiple ultrafast spectroscopic methods.
The separation of timescales of molecular dynamics and atomic control is crucial for the method (as sketched in figure 1 ) and can be summarized as follows:
• The molecule is irradiated with a single or multiple laser pulses at the femtosecond timescale which leads to energy transfer from the light field to the molecule due to the absorption of photons. Each absorption event leads to an instantaneous change of the momentum of the molecule.
• The Coulomb interaction transfers the momentum kick onto the co-trapped atomic ion. The relevant timescale for the momentum transfer throughout the ion crystal is given by the relevant ion-trap frequency of both ions which is at the microsecond scale.
• The motional state of the atomic ion is mapped onto its electronic state which can be read out with high fidelity at the millisecond timescale.
The proposed quantum logic methods can be applied to a large class of molecules as they rely only on photon absorption which is independent of the internal structure of the molecule. However, the ion trapping environment and other practical consideration limit the set of suitable molecules. Section 2.1 gives an overview over these criteria and discusses possible candidate molecules.
The central method for single-molecule absorption detection is covered in detail in section 2.2. Based on this, a single-pulse absorption ultrafast spectroscopy method is introduced in section 2.3. Such single-pulse schemes show poor spectral resolution, but are a crucial stepping stone towards multi-pulse spectroscopy schemes such as pumpprobe spectroscopy and multi-dimensional spectroscopy. In section 2.4, a pump-probe scheme to investigate ultrafast intra-molecular dynamics using quantum logic techniques is introduced. The requirements for a future experimental realization are discussed in section 2.5. 
Spectroscopic methods

Relevant molecular properties
The proposed quantum logic methods are mainly independent of the molecular properties but several fundamental and practical considerations limit the set of suitable molecules:
• It should be possible to ionize the molecule without fragmentation and the cation should be stable.
• The molecules should be stable under ion trapping conditions. Electric fields from the trap and the lasers for manipulation and cooling of the atomic logic ion should not dissociate the molecule.
• The ratio between the mass of the molecule and the mass of the atomic logic ion should be within a factor of two. This will allow for efficient sympathetic cooling and the quantum logic readout.
• The molecule should features vibrational modes that feature a strong infrared transition that is accessible with infrared laser systems. Accessible frequencies lie in the range from 4000cm −1 to 1500cm −1 .
In the following, we will introduce the concepts at the example of a specific molecular species, but the techniques can be applied to a wide range of molecules. We will discuss parameter regimes at the example of the Cyanoacetylene cation C 3 HN + . This molecule has a mass of 51 dalton and is thus well suited to be co-trapped with 40 Ca + , with a mass of 40 dalton. The vibrational modes of the Cyanoacetylene cation have recently been investigated experimentally and theoretically [20, 21, 19, 18] . The vibrational frequencies and intensities are given in 
Single photon absorption detection
In the following, we will introduce a technique to detect a single-photon absorption event via the co-trapped atomic logic ion. We will use a semi-classical description where we treat the light field of the laser classically. For simplicity, we choose a model of the molecule that includes only the ground state and the first excited state of a single vibrational mode. The motion of the two co-trapped particles in a linear ion-crystal will be described by a single-mode harmonic oscillator.
A photon absorption event leads to a recoil with the magnitude of the photon's momentum p = h/λ with λ being the wavelength of the photon. The effect of this momentum kick onto the motional mode of the harmonic oscillator can be described by applying a displacement operator onto the motional mode [15] . The magnitude of the displacement is given by the Lamb Dicke parameter η = E rec /hω with the recoil energy E rec being the photon's energy and the frequency of the motional mode ω. Absorbing a photon on the molecule exerts thus a momentum kick onto the particle, described by a displacement by the Lamb Dicke parameter D(exp(iφ sc )η) of the combined motional state of the Coulomb crystal. Here, the angle φ sc describes the relative phase between the momentum kick and the motion of the harmonic oscillator.
For usual ion trapping conditions and wavelengths in the infrared to visible range, the Lamb Dicke parameter is small (η 1). If we assume that the crystal is in the motional ground state |Ψ motion = |0 then the probability to excite a motional phonon can be approximated by [15] This represents an upper limit for the probability to detect the absorption event on the logic ion. For a molecule trapped alongside a single 40 Ca + ion the detection probability in the infrared domain is well below 10 −3 . This renders the faithful detection of a single absorption event impossible when the initial motional state is the ground state.
It is therefore necessary to increase the detection sensitivity to reach appreciable single-photon detection probability. This can be accomplished by using a state of the harmonic oscillator that is tailored to detect a small displacement. Single-photon sensitivity has been demonstrated in an experiment using an entangled Schrödinger cat state of the motional mode of two distinct atomic species [15] . In this experiment, bichromatic laser pulses were used to generate a non-classical state of the ions' motion that is also entangled with the electronic degree of freedom. The combined electronic and motional state of the ion can be described as |Ψ ion = |Ψ elec ⊗ |Ψ motion . The generated Schrödinger cat state is then expressed by
where the electronic part is a superposition of the eigenstates of the σ x operator |± x , and the motional part is a superposition of coherent states | ± α with displacement ±α. An absorption of a single photon on the molecular ion will displace the combined motional state of the atom and the molecule by the photon recoil but will not alter the atom's electronic state. The photon recoil is expressed by a displacement D(η exp(iφ sc )), with the phase φ sc being determined by the timing of the recoil event relative to the motional mode's oscillation. The state of the combined system after a recoil event is then
The photon recoil is then mapped onto the electronic state of the atom by applying a bichromatic light field that implements the inverse state generation operation. After the inverse operation, the displacement from the photon recoil causes a geometric phase of
In analogy to light-force based quantum gates, this geometric phase can be mapped to a bit-flip on the electronic state of the atom in a Ramsey-type experiment [22] . In order to reach the maximum sensitivity of the protocol, the timing of the interrogation laser pulse should be chosen such that φ sc = π/2, i.e. the momentum kick is orthogonal to the cat state's displacement. Then, the probability to detect a single photon absorption on the molecule is
For photons that are resonant with the ν 3 transition of Cyanoacetylene, co-trapped with 40 Ca + at a trap frequency of 500kHz, the Lamb Dicke factor will be approximately 0.012. Thus, perfect single-shot detection (p det = 1) of a single-photon absorption event needs to satisfy 2αη = π/2 and thus a cat state with α of around 70. The cost of increasing the size of the cat state is an increased sensitivity to decoherence effects on the motional mode. Experimentally, the decoherence of the motional mode of the ion crystal is usually limited by motional heating of the ion crystal [23] . The sensitivity of the detection protocol to motional heating has been investigated in reference [15] , yielding an error model where the motional decoherence is modeled by random phase fluctuations φ 2 h . These phase fluctuations can be estimated to be
3 for a cat-state generation duration τ and a heating rate R h . The coherence of the Ramsey-like sequence to detect the geometric phase from the photon absorption event is then C = exp(− φ 2 h /2). In order to reach the optimum detection efficiency for a given motional heating rate, one needs to adapt the size of the cat state. The success probability of a single photon absorption event as a function of the cat state displacement α for a state generation duration of τ (α) = α · 10µs and multiple motional heating rates is shown in figure 2 . It can be seen that for a motional heating rate of around 0.1 quanta/s, a single absorption event can be detected with 60% probability for α ≈ 45. 
Single molecule absorption spectroscopy
In the following we will show how the presented quantum logic technique can be used to perform single-molecule absorption spectroscopy in a molecule with multiple vibrational modes. This protocol is intended as a proof of concept rather than a useful spectroscopic technique as its spectral resolution is limited by the Fourier width of the applied ultrafast laser pulse which is usually several terahertz.
We will now consider multiple vibrational modes of the molecule. Thus, we express the state of the molecule as a tensor product of all vibrational modes |Ψ mol = ⊗ j |ν j where the state of the mode j is described by |ν j = k c k,j |k, j , with c k,j the amplitude of the k-th excited state of mode j. We approximate each mode by a harmonic oscillator, yielding the vibrational Hamiltonian
with a j being the annihilation operator of mode j and ω j its oscillation frequency. The interaction of the light field E(t) = E 0 e −iω l t with the molecule is then given by the following interaction Hamiltonian:
with d j the transition moment, and x j the position operator of the vibrational mode j.
Changing the molecule's state from the ground to an excited state in the mode j comes along with an absorption of a single or multiple photons from the driving laser, each yielding a momentum kick corresponding to a displacement by the Lamb-Dicke parameter ‡ D(iη). The average number of absorbed photons in mode j is given by the expectation value of the corresponding number operator a † j a j . The total momentum change of the motional state |Ψ motion (t) is then modeled by applying a displacement only if energy has been transferred into the vibrational mode:
where |k j k j | are the projectors onto the Fock state of mode j with k vibrational quanta. The sum over the vibrational quanta k can be truncated to N j , depending how many excitations can be reached in the mode j constraint by energy conservation. The effect on the motional mode corresponds to a single displacement D(iη) operation for every absorbed photon.
As derived in section 2.2 the detection probability on the electronic state of the atomic ion is p single = sin(2αη) 2 for absorbing a single photon. The overall detection probability is then
with |k being a Fock state. Figure 3 shows the expected detection probability on the atomic ion for a Cyanoacetylene ion interrogated with a rectangular 200fs pulse with 100nJ energy focused to a spot of 20µm. The motional cat state had a size of α = 35 at a heating rate of 0.2 quanta/s. It can be seen that for the given parameters, the single mode ν 3 can be well isolated. Spin flip probability Figure 3 . Excited state probability of the atomic ion when performing spectroscopy on a co-trapped Cyanoacetylene molecule. The red bars indicate the position and relative oscillator strengths of the individual vibrational modes.
Pump-probe absorption spectroscopy:
In the following we will extend the described single photon absorption detection to investigate vibrational dynamics in a single-molecule using pump-probe spectroscopy. For this, we will again consider the vibrational mode ν 3 of the Cyanoacetylene cation. This transition is accessible with current infrared laser technologies and shows a large dipole moment. We include motional modesν i that do not couple with the light field, but show intra-molecular coupling to the excited mode ν 3 . The quantum state of the entire system is described by the state of these modes and the motional state of the ion crystal combined with the electronic state of the atomic ion. The initial state of the system has all vibrational modes in the ground state and the motional state is entangled with the atomic ion's electronic state by the cat state with displacement α. We will express the molecular state by separating the state of ν 3 from the dark modesν for clarity:
with the ground state of all dark modes being |0 = ⊗ j =3 |0, j . For pump-probe spectroscopy, two infrared pulses are sent onto the molecule. For simplicity, we assume that the first (pump) pulse of the experiment will prepare the molecule perfectly in the first excited state of the vibrational mode ν 3 . Preparing a single vibrational mode in the excited state with high fidelity with a laser pulse at the femtosecond timescale has been demonstrated in multiple molecular systems with a temporal pulse shape that is tailored to the molecule using optimal control techniques [24] . If the preparation cannot be performed with high fidelity, the detection efficiency will be reduced, but the method can still be applied.
The pump pulse induces a single vibrational quantum in ν 3 and corresponds thus to a single photon absorption event, displacing the the motional state of the ion-crystal:
where the motional state has been displaced due to the photon recoil.
The system is then subject to a free evolution with time t. During this time, the vibrational excitation will be redistributed over the modesν k , yielding the state
where the molecular state is now in a superposition of multiple vibrational modes, expressed by m c m (t)|ν 3,m ⊗ |ν m .
Then, a second (probe) pulse is applied onto the molecule, aiming to undo the pump pulse, de-exciting the mode ν 3 . For the part of the state, where no energy has been transferred (ν 3 is still in the excited state |1, 3 ), the pulse de-excites the vibrational mode into the ground state. This de-excitation comes along with the stimulated emission of a photon which causes a displacement with opposite sign relative to the pump pulse D(−iη). For the part of the state where the energy has been transferred to a dark mode (and thus the ν 3 mode is in its ground state |0, 3 ), the probe pulse will excite the ν 3 mode, introducing energy to the system and causing a displacement that is in phase with the displacement caused by the pump pulse D(iη).
The state of the system after the probe pulse is given by
where |ν m is a basis of the excited dark states. The exciting and de-exciting momentum kicks cancel each other on the part of the population where the vibrational excitation remains in the ν 3 mode expressed by the amplitude ν 3 (t). For the other parts of the state, the momentum kicks add coherently, resulting in a larger displacement of D(2iη).
By detecting the displacement after both pulses with the method outlined in section 2.2, one can measure the loss of population from the ν 3 mode to the dark modes ν. The cancellation of the momentum kicks relies on the fact that the displacement operations caused by the pump pulse and the probe pulse have opposite phases. This assumption is only valid if the harmonic oscillator of the motional state does not evolve in the time between the pump and the probe pulses. In typical molecular systems, the vibrational dynamics occurs at the picosecond timescale scale which is small compared to the oscillation period of the ion crystal in the microsecond range.
We will now discuss the expected outcome of the pump-probe methods for simple models of relaxation processes of the excited vibrational mode. First, we will consider relaxation into multiple rotational and vibrational states that act as a continuous bath of modes. Such processes are known as incoherent intramolecular vibrational relaxation (IVR) and can be described by an exponential decay of the original mode to other modes without any coherent revivals [25] . To our knowledge, the IVR timescale for the Cyanoacetylene cation has not been measured and thus we approximate it with the decay in neutral Cyanoacetylene, which has been measured to be 26ps [26] . The expected outcome of a pump-probe experiment when incoherent IVR processes dominate the relaxation is shown in figure 4 .
Another type of IVR features coherent transfer to other vibrational modes [25] . To model such a transfer in Cyanoacetylene one needs to consider an anharmonic model of the molecule which allows coupling between modes with different mode frequencies. In this first-order model, significant coupling occurs only between vibrational states that show a frequency mismatch that is in the order of the coupling strength between them [27] . Thus, one can define subspaces of states that show small frequency mismatch and couple to each other, yielding a block-diagonal coupling Hamiltonian in the |j, i basis [27] .
The pump pulse prepares the Cyanoacetylene molecule in the |1, 3 state. We will consider coupling to the |2, 4 state which has the smallest detuning to the prepared state of ∆ = 2 ν 4 − ν 3 = 68cm −1 . The coupling strength between the modes is not known for the Cyanoacetylene cation and thus we approximate them with g = 30cm −1 , a typical coupling strength between vibrational modes in acetylene [26] . This leads to dynamics showing a partial oscillation of the excitation between the two modes, which is damped by the incoherent IVR process as described above. The expected measurement signal for pump and probe pulses that enable full state transfer is shown in figure 4 . It should be noted here, that the simple IVR model neglects rotational effects which will damp the oscillation considerably [27] . Spin flip probability 
The experimental platform
In the following, we will discuss the requirements for an experimental system capable of implementing the proposed schemes.
For the proposed methods, excellent coherent control over the motion of a two-ion crystal needs to be provided. For this task, a macroscopic linear quadrupole ion trap is a natural choice due to its large ion-surface distance that will enable low motional heating rates. A low heating rate is crucial for the proposed experiments as it is expected that the efficiency of detecting a single photon absorption event will be limited by the motional heating rate [15] . Heating rates below one quantum/s have been observed in macroscopic traps with electrode-ion distance in the millimeter range [23] . It is expected that the motional coherence can be increased by more than one order of magnitude when cooling the trap to 70K, as it is known that the surface processes that lead to excessive motional heating are suppressed at low temperatures [23] . Thus, a macroscopic linear trap at a temperature of 70K should have a heating rate of significantly less than 1 quanta/s to enable single-shot single-photon absorption detection. The choice of atomic ion determines a suitable mass range for the investigated molecules. A suitable atomic ion species of choice is 40 Ca + , as it allows one to sympathetically cool molecules with masses ranging from around 30 to 100 dalton [10] . This species has the additional advantage that the wavelengths of the required lasers are all above 395nm, which usually does not dissociate the molecules of interest. The molecule needs to be ionized inside the trapping volume of the trap where the logic ion is already trapped. This can be achieved, by injecting the molecules that are in the gas phase into the vacuum vessel. The molecule will be immediately cooled by the logic ion after the ionization which leads to the formation of a Coulomb crystal which can be detected by a change in position of the logic-ion. Robust molecules can be readily ionized by electron bombardment, whereas for more complex and fragile molecules photo-ionization is the technique of choice.
Control over the molecule's vibration will be provided by an infrared ultrafast femtosecond laser system. The laser system needs a sufficiently high light intensity to perform the pumping step with a single laser pulse on the ν 3 vibrational mode. If we assume a pulse energy of 600nJ, yielding a peak laser power of 3 · 10 6 W. The laser can be focused to focused to a spot size of 10µm using a NA=0.2 objective, resulting in a Rabi frequency of approximately 2π 4 · 10 13 Hz, which should be sufficient to perform a pulse that transfers all population into the first excited state of the vibrational mode ν 3 .
Such a laser system is commercially available using a high power fiber based master oscillator and an optical parametric amplifier. Such a system will produce laser pulses at wavelengths ranging from 3µm to 10µm with a duration of 200fs and a single pulse energy ranging from 800nJ to 200nJ. The repetition rate of the system is 1MHz which can be synchronized with the frequency of the motional mode of the trapped ions in order to maximize the acquired geometrical phase in the absorption detection protocol. The spectrum of the pulses can be manipulated using a pulse shaper based on a spatial light modulator. Single pulses can be selected using an acousto-optical modulator. A sketch of the proposed system is shown in figure 5 .
Discussion and outlook
We have introduced non-destructive methods to perform ultrafast spectroscopic techniques on single molecular ions using quantum logic readout with a co-trapped atomic ion. We anticipate that a single photon absorption event can be detected with a probability of 60% using realistic experimental parameters. This absorption detection is the basis for a pump-probe technique that will give insight into intramolecular dynamics of single molecular ions.
Within this manuscript we have deliberately chosen a simple model of the molecule to emphasize the basic working principle. We will briefly discuss the expected impact of a more complex molecular model including additional degrees of freedom:
• Rotational degree of freedom: The rotational degree of freedom of the molecules has been neglected in the light-molecule interaction. This approximation is justified because the laser pulses are usually in the femtosecond timescale and rotational dynamics of polyatomic molecules occurs in the picosecond to nanosecond domain. Thus, rotational effects will play a role when investigating the time dynamics of the vibrational modes but will not affect the spectroscopic technique itself. The pump-probe experiments are expected to show dephasing and rephasing dynamics as have been observed in ultrafast experiments [4] .
• Anharmonic nature of the vibrational modes: To describe the vibrational dynamics in molecules it is often necessary to describe the vibrational modes by anharmonic oscillators. Due to this anharmonicity, the oscillators can be excited at integer multiples of their fundamental oscillation frequency. This leads to denser infrared spectra and additional coupling between vibrational modes. However, the lightmolecule interaction and thus the spectroscopic technique should be unaffected by such anharmonic effects.
• Spin-orbit coupling and Zeeman substructure: For the investigated Cyanoacetylene molecule, the spin-orbit coupling is much smaller than the spectral width of the exciting femtosecond laser pulses [19] . Thus, this substructure cannot be resolved and can thus be neglected for the light-molecule interaction.
The presented methods are stepping stones towards more complex spectroscopic schemes. Existing spectroscopic methods can be straightforwardly transferred using the presented absorption detection. The measured quantity with the quantum logic technique is the net recoil that all laser pulses excerpt onto the molecule and thus the interpretation of the experimental outcomes needs to be adapted.
The amount of extracted information from the molecule can be increased by exploiting multiple modes of the motion of the ion crystal. This will enable to measure correlations between the pathway and the final state of intramolecular processes on a single-molecule and single-shot level. For example, one mode can be used to measure the final state of the dynamics and the second mode can be used to distinguish distinct pathways of intramolecular dynamics.
